Ϫ1 ·min Ϫ1 ) ran for 60 min at a fixed 1) speed of 10.5 km/h and 2) H prod of 640 W. Environmental conditions were 25.4 Ϯ 0.8°C, 37 Ϯ 12% RH. In study 1, at Hprod of 640 W, similar changes in esophageal temperature (⌬T es; HI-FIT: 0.63 Ϯ 0.20; LO-FIT: 0.63 Ϯ 0.22°C; P ϭ 0.986) and whole body sweat losses (WBSL; HI-FIT: 498 Ϯ 66; LO-FIT: 497 Ϯ 149 g; P ϭ 0.984) occurred despite different relative intensities (HI-FIT: 55 Ϯ 6; LO-FIT: 39 Ϯ 2% V O2max; P Ͻ 0.001). At 60% V O2max, ⌬Tes (P ϭ 0.029) and WBSL (P ϭ 0.003) were greater in HI-FIT (1.14 Ϯ 0.32°C; 858 Ϯ 130 g) compared with LO-FIT (0.73 Ϯ 0.34°C; 609 Ϯ 123 g), as was H prod (HI-FIT: 12.6 Ϯ 0.9; LO-FIT: 9.4 Ϯ 1.0 W/kg; P Ͻ 0.001) and the evaporative heat balance requirement (Ereq; HI-FIT: 691 Ϯ 74; LO-FIT: 523 Ϯ 65 W; P Ͻ 0.001). Similar sweating onset ⌬T es and thermosensitivities occurred between V O2max groups. In study 2, at 10.5 km/h, ⌬Tes (1.16 Ϯ 0.31 vs. 0.78 Ϯ 0.28°C; P ϭ 0.017) and WBSL (835 Ϯ 73 vs. 667 Ϯ 139 g; P ϭ 0.015) were greater in LO-ECO, as was Hprod (13.5 Ϯ 0.6 vs. 11.3 Ϯ 0.8 W/kg; P Ͻ 0.001) and Ereq (741 Ϯ 89 vs. 532 Ϯ 130 W; P ϭ 0.007). At H prod of 640 W, ⌬Tes (P ϭ 0.910) and WBSL (P ϭ 0.710) were similar between HI-ECO (0.55 Ϯ 0.31°C; 501 Ϯ 88 g) and LO-ECO (0.57 Ϯ 0.16°C; 483 Ϯ 88 g), but running speed was different (HI-ECO: 8.2 Ϯ 0.6; LO-ECO: 7.2 Ϯ 0.4 km/h; P ϭ 0.025). In conclusion, thermoregulatory responses during treadmill running are not altered by V O2max, but by RE because of differences in Hprod and Ereq. core temperature; experimental design; heat balance; sweating; V O2max EXERCISE PHYSIOLOGISTS wishing to determine whether factors such as age (19, 45), obesity (16, 17), injury [such as skin burns (35)], and disease (15, 49) lead to thermoregulatory impairments must employ an independent group experimental design to compare changes in core temperature and sweating with a reference. However, the exercise intensity selected to generate a thermal challenge is vitally important since any systematic differences between groups in heat production relative to specific morphological characteristics (i.e., mass and body surface area) may lead to different thermoregulatory responses that are not due to an underlying influence of the factor under investigation (12).
core temperature; experimental design; heat balance; sweating; V O2max EXERCISE PHYSIOLOGISTS wishing to determine whether factors such as age (19, 45) , obesity (16, 17) , injury [such as skin burns (35) ], and disease (15, 49) lead to thermoregulatory impairments must employ an independent group experimental design to compare changes in core temperature and sweating with a reference. However, the exercise intensity selected to generate a thermal challenge is vitally important since any systematic differences between groups in heat production relative to specific morphological characteristics (i.e., mass and body surface area) may lead to different thermoregulatory responses that are not due to an underlying influence of the factor under investigation (12) .
To date, the most common approach for between-group thermoregulatory comparison studies has been to prescribe a relative exercise intensity [i.e., maximum oxygen consumption (%V O 2max )] because of the prevailing belief that aerobic fitness profoundly alters thermoregulatory responses during exercise (20, 25, 27, 47) . However, we have recently demonstrated that under physiologically compensable conditions, aerobic fitness, and therefore a fixed relative percentage of V O 2max , do not independently alter changes in core temperature (12, 29) , whole body sweating (12, 23, 29) or local sweating (12, 29) . Rather, changes in core temperature are determined by heat production (H prod ) per unit total body mass (in W/kg) (12) , and whole body sweat rate (in g/min) and local sweat rate (in mg·cm Ϫ2 ·min Ϫ1 ) are determined by the evaporative requirement for heat balance (E req , which is primarily governed by H prod ) in W and Wm Ϫ2 , respectively (12, 29) . Nevertheless, all of these recent studies employed cycle ergometry as their exercise modality, and although a fixed H prod with the desired units can be reliably attained using a fixed external workload of the same units because of the relatively low individual variability in mechanical efficiency on a standard laboratory ergometer (46) , many exercise physiologists and sport scientists often use treadmill running. It follows that running economy (RE) on a treadmill at a fixed running speed can differ between individuals by as much as 30%, independently of aerobic fitness (14) . It is thus unclear whether unbiased thermoregulatory comparisons of massmatched groups can be performed using a fixed running speed (in km/h), or if differences in RE can lead to alterations in H prod and E req that are sufficient to elicit systematic differences in core temperature and sweat rate between groups that would otherwise respond similarly.
Contrary to our recent findings using cycle ergometry (29) , a study by Gant et al. (25) supports the use of %V O 2max for between-group comparisons of thermoregulatory responses during treadmill running. The authors reported a greater change in core temperature in a moderately fit (V O 2max Ͼ 55 ml O 2 ·kg Ϫ1 ·min Ϫ1 ) group compared with a group of very fit (V O 2max Ͼ 70 ml O 2 ·kg Ϫ1 ·min Ϫ1 ) competitive runners, running at a fixed speed of 10.5 km/h, which was considered a fixed absolute intensity (25) . However, the two groups were not well matched for mass, and indirect calorimetry was not employed; therefore, the greater change in core temperature in the group with a lower V O 2max may have simply arisen due to a greater H prod secondary to an inferior RE (25) , and not due to V O 2max per se.
It is therefore clear that the independent influence of both V O 2max and RE on thermoregulatory responses during treadmill running must be evaluated in order to establish the optimal method for between-group comparisons of core temperature and sweating with this exercise modality. To this end, two studies were performed. First, two groups matched for body mass, body surface area (BSA), age, body fat%, sex, and RE but vastly different in V O 2max ran on a treadmill at 1) a relative intensity of 60% V O 2max (REL trial) and 2) a fixed H prod of 640 W (FHP trial). In a second study, two groups matched for body mass, BSA, age, body fat%, sex, and V O 2max but distinctly different in RE ran on a treadmill at 1) a fixed running speed of 10.5 km/h (FRS trial) and 2) a fixed H prod of 640 W (FHP trial). In study 1, it was hypothesized that in the REL trial greater changes in core temperature and thermoregulatory sweating would be observed in the high (HI-FIT) compared with the low (LO-FIT) V O 2max group because of a greater H prod and E req , but in the FHP trial thermoregulatory responses would be similar despite a greater %V O 2max in the LO-FIT group. In study 2, it was hypothesized that in the FRS trial greater changes in core temperature and thermoregulatory sweating would be observed in the low (LO-ECO) compared with high (HI-ECO) running economy group because of a greater H prod and E req , but in the FHP trial no differences in thermoregulatory responses would be observed, but treadmill speed would be slower in the LO-ECO group.
METHODS
Participants. Prior to commencing the study, ethical approval of the experimental protocol was obtained from the University of Ottawa Research Ethics Committee that conforms with the Declaration of Helsinki. All participants who volunteered for the study completed a Physical Activity Readiness Questionnaires (PAR-Q) form and provided written, informed consent. A power calculation using thermometry data from an earlier publication from our laboratory (29) was performed using the calculated effect size of 0.80, an ␣ of 0.05, and a ␤ of 0.2, which determined that seven participants were required for a sufficient level of statistical power. Additionally, only men were recruited for the present study to eliminate the potential influence of sex on thermoregulatory responses at high evaporative heat balance requirements (24) .
In study 1, to isolate the influence of aerobic fitness (i.e., V O2max) on thermoregulatory responses, seven aerobically fit (HI-FIT group) and seven unfit (LO-FIT group) males matched for mass, BSA, age, body fat%, and RE but who differed greatly in V O2max were recruited (Table 1) . In study 2, to isolate the influence of running economy (RE) on thermoregulatory responses, seven low-economy (LO-ECO group) and seven high-economy (HI-ECO group) males matched for V O2max, body mass, BSA, age, and body fat% but who differed greatly in RE were recruited (Table 1 ). The majority of the HI-ECO group was composed of runners whereas the majority of the LO-ECO group was composed of nonrunning athletes (i.e., cyclists and ice hockey players).
Experimental design. All participants performed one preliminary trial and two experimental trials. In study 1, the experimental trials were 1) a 60% of V O2max (REL trial) and 2) a fixed Hprod of 640 W (FHP trial). In study 2, the experimental trials were 1) a fixed running speed of 10.5 km/h (FRS trial) and 2) a fixed Hprod of 640 W (FHP trial). During the preliminary trial, total body mass, height, steadystate oxygen consumption (V O2) and maximum oxygen consumption (V O2max) were measured. V O2 was measured during a treadmill protocol consisting of three 4-min stages (HI-FIT, HI-ECO, and LO-ECO groups: four min each at 8.5, 10.5, and 12.5 km/h; LO-FIT group: 4 min each at 6.5, 8.5, and 10.5 km/h) in order to 1) estimate the running speed required to elicit a H prod of 640 W [as recommended by Cramer and Jay (12) ] and 2) determine RE at 10.5 km/h. Following a 10-min recovery period, V O2max was determined using a protocol based upon recommendations from the Canadian Society of Exercise Physiology (13) , during which participants ran at a selfselected speed of between 8 and 12 km/h for 1 min followed by a 1% grade increase every minute until physical exhaustion.
Body composition of each participant was measured using dual energy X-ray absorptiometry (DEXA). BSA was calculated using the DuBois and DuBois formula (16a). RE was calculated using steadystate oxygen consumption (i.e., the average V O2 during the last 2 min of the 4-min stage) at 10.5 km/h, as shown in Eq. 1 (14) :
where V O2 is the amount of consumed oxygen, in ml O2·kg Ϫ1 ·min Ϫ1 , and s is the running speed, in km/min.
Instrumentation. All instrumentation was identical for study 1 and study 2. Rectal (T re) and esophageal (Tes) temperatures were measured using pediatric thermocouple probes (Mon-a-therm General Purpose Temperature Probe, Mallinckrodt Medical, St. Louis, MO). The rectal probe was inserted, by the participant, 12 cm past the anal sphincter. The esophageal probe was inserted, by the researcher, through the participant's nostril into the esophagus; the location of the probe's tip in the esophagus is estimated to be at the level of the eighth and ninth thoracic vertebrae reflecting the location of the left ventricle and aorta (36) . Skin temperature (T sk) was measured on the left side of the body at four sites using T-type thermocouples. The probes were Body surface area (BSA) estimated using the equation of DuBois and DuBois (16a), volume of maximum oxygen consumption (V O2max) expressed in milliliters of oxygen per kilogram of total body mass. Body fat was measured using dual energy X-ray absorptiometry. Values given are means Ϯ SD. Running economy (RE) expressed in milliliters of oxygen per kilogram of total body mass per kilometer run on a treadmill. Asterisk (*) indicates a significant difference (P Ͻ 0.05) between HI-FIT and LO-FIT or HI-ECO and LO-ECO groups.
attached to the skin using double-sided stick disks (3M, D-41453, Neuss, Germany) and surgical tape (Blenderm, 3M, St. Paul, MN). Mean skin temperature was calculated using the 4-point Ramanathan weighting: chest 30%, shoulder 30%, thigh 20%, and calf 20% (43) . All temperature data were collected using a National Instruments data acquisition module (model NI cDAQ-9172) at a sampling rate of 5 s. The data were displayed in real time and recorded in a spreadsheet format on a personal computer (Dell Inspiron 545) with LabVIEW 2009 software (National Instruments, TX).
Whole body sweat rate (WBSR) was estimated by measuring body mass to the nearest 2 g using a platform scale (Combics 2, Sartorius, Mississauga, ON, Canada). Measurements were taken in triplicate at rest, directly prior to the start of exercise, and then immediately after completing 15, 30, 45, and 60 min of exercise. Participants were not toweled down prior to these measurements. An average value of the three measurements was calculated every 15 min and was subsequently divided by 15 min to give WBSR values in g/min. Additionally, the sweat losses from each 15-min interval were summed to give a cumulative WBSL in grams across the entire trial.
Local sweat rate of the lower back (LSR back) was measured using one ventilated sweat capsule located ϳ5 cm above the right posterior superior iliac spine. The ventilated capsule was attached to the skin using a double-sided stick disk (3M, D-41453, Neuss, Germany), Collodion glue (Fisher Scientific, Ottawa, Canada), and surgical tape (Blenderm, 3M, St. Paul, MN). Anhydrous compressed air was passed through the capsule over the skin surface at a flow rate of 1.80 l/min. The flow was measured using an Omega FMA-A2307 monitor (Omega Engineering, Stamford, CT). Humidity and temperature of the effluent air were measured using a capacitance hygrometer (Series HMT333, Vaisala, Helsinki, Finland) that was factory calibrated and accurate to 0.035 mg·cm Ϫ2 ·min Ϫ1 , and values were displayed in real time on a personal computer (Dell Inspiron 545) with Vaisala MI70 Link (Version 1.15) software (VaisalaOyj, Vantaa, Finland). LSRback was calculated using the flow rate and the difference in water content between effluent and influent air. The value was normalized for the skin surface area under the capsule (4.0 cm 2 ) and expressed in milligrams per minute per square centimeter. Sweating onset threshold and thermosensitivity for each participant was determined by plotting LSRback against change in Tes and performing a segmental linear regression analysis using GraphPad Prism 6 software. Sweating thermosensitivity was defined as the increase in sweating slope relative to changes in Tes after the onset threshold for sweating (9) . The onset threshold for sweating was defined as the intercept of the thermosensitivity slope with the resting sweat rate (9) .
Metabolic data were measured during the entire 60 min of exercise using a Vmax Encore Metabolic Cart (CareFusion, San Diego, CA). Subjects were equipped with a mouthpiece and a nose clip and were instructed to breathe normally. Metabolic energy expenditure (M) was obtained from minute-average values for oxygen consumption (V O2) in liters per minute and the respiratory exchange ratio (41) . The rate of metabolic heat production (Hprod) was assumed to be equal to metabolic energy expenditure, as equal amounts of positive and negative external work are performed during level running, resulting in a net external work of zero (33, 48) . Subsequently, the evaporative requirement for heat balance (Ereq) was calculated by subtracting the sum of the estimated rate of heat lost to the environment through dry heat transfer avenues [i.e., convection (C) and radiation (R), determined using air speed, ambient temperature, and Tsk] and the rate of respiratory heat loss via convection and evaporation (Cres ϩ Eres), from Hprod, (i.e., Ereq ϭ M Ϫ R Ϫ C Ϫ Eres Ϫ Cres) (21, 30) . For a complete breakdown of these calculations and detailed step-by-step instructions on how to determine Ereq and how to prescribe exercise intensities to elicit a fixed Ereq or Hprod, the reader is referred to a previous publication from our laboratory (12) as well as original sources (22) and reviews (21, 30, 41) .
Experimental protocol. In both studies, participants were instructed to refrain from ingesting caffeine and alcohol as well as from partaking in exercise 24 h prior to the experimental trials. Furthermore, participants were instructed to drink plenty of fluids the night before testing. They were asked to arrive at the Thermal Ergonomics Laboratory in Ottawa, Ontario, Canada, after eating a small meal. Testing was conducted throughout the year; it should be noted that previous research has demonstrated that no summer acclimatization occurs in this geographical region (4) , and the number of participants from each group tested at particular times of the year were balanced. The room was regulated at an ambient air temperature and relative humidity of 25.4 Ϯ 0.8°C and 37 Ϯ 12% RH, respectively. Throughout all trials, three mechanical fans, stacked vertically, were placed 1.2 m in front of the participant and produced an air velocity of ϳ2.0 m/s. These environmental conditions were selected to ensure a physiologically compensable environment at the highest H prod (ϳ930 W for fit subjects at 60% V O2max) expected in the overall study. The environmental conditions are also comparable to previous studies investigating the influence of V O2max on thermoregulatory responses during exercise (25, 29) .
In both studies, upon arrival at the laboratory, subjects were asked to provide a urine sample, which was analyzed for urine specific gravity (USG) using a refractometer (Reichert TS 400; Depew, NY) to ensure that all participants were euhydrated prior to each experimental session. Participants were required to have a USG below 1.020 (3) prior to commencing a trial. After confirmation of hydration status, participants changed into athletic clothing. The trials were completed seminude; thus clothing consisted of only shorts (Tempo Shorts, New Balance), athletic shoes, and light socks, which have an estimated clothing insulation value of 0.1 clo (8) . Following a body mass measurement and instrumentation, the participants rested (in a standing position) for 30 min to obtain baseline values. In the last 2 min of baseline, body mass measurements were taken in triplicate. Subsequently, in study 1, participants ran on a flat treadmill for 60 min at 1) a relative exercise intensity of 60% of V O2max (REL trial) and 2) a fixed Hprod of 640 W (FHP trial) equivalent to a V O2 of 1.85 to 2.00 l/min (depending upon RER). In study 2, participants ran on a flat treadmill for 60 min at 1) a fixed running speed of 10.5 km/h (FRS trial) and 2) a fixed H prod of 640 W (FHP trial). The order in which the trials were performed was balanced between participants. In both studies, every 15 min the participants briefly stopped and body mass measurements were taken in triplicate.
Data analysis. All data are expressed as means Ϯ SD and analyzed within each exercise trial (i.e., REL, FRS, and FHP trials). Sweating onset threshold and thermosensitivity and whole trial means of H prod (in W, W/kg, and W/m Ϫ2 ), Ereq, V O2, %V O2max, WBSL, Tsk, and running speed were analyzed using an independent samples t-test. To analyze the dependent variables of Tre, Tes, and WBSR, a two-way mixed ANOVA was used with the repeated factor of time (five levels for Tre and Tes: rest, 15, 30, 45, and 60 min of exercise; four levels for WBSR: 0 -15, 15-30, 30 -45, 45-60 min of exercise) and the nonrepeated factor of group [two levels: HI-FIT vs. LO-FIT (study 1) or HI-ECO vs. LO-ECO (study 2)]. When significant main effects or interactions were found in either study, between-group differences at individual time points were assessed using a one-tailed independent samples t-test. The significance level was set at an alpha of 0.05 for all comparisons. The probability of making a Type I error in all tests was maintained at 5% by using a Holm-Bonferroni correction. All statistical analyses were performed with GraphPad Prism (version 6.0, GraphPad Software, La Jolla).
RESULTS

Physical characteristics.
Mean participant characteristics for both study 1 and study 2 are presented in Table 1 . Participants were successfully selected to ensure no morphological differences between HI-FIT and LO-FIT groups, and HI-ECO and LO-ECO groups for body mass, BSA, and body fat%. By design, in study 1 the HI-FIT group had a significantly greater V O 2max (P Ͻ 0.001) relative to the LO-FIT group with no concurrent differences in RE; in study 2 the HI-ECO group had significantly better (P Ͻ 0.001) RE than the LO-ECO group but the same V O 2max .
Heat production, running speeds and the evaporative requirement for heat balance. Average values for H prod , running speed and E req for both studies are presented in Table 2 . STUDY 1. In the REL trial, H prod (in W, W/kg, and Wm
Ϫ2
), E req , and running speed were all significantly greater (P Ͻ 0.001) in the HI-FIT group compared with the LO-FIT group, but relative exercise intensity was, by design, almost identical (P ϭ 0.856). In the FHP trial, H prod was successfully maintained at the same levels for between HI-FIT and LO-FIT participants, and consequently E req was also similar between HI-FIT and LO-FIT groups. However, relative exercise intensity was significantly greater in the LO-FIT group (P Ͻ 0.001). Because of the similar RE between groups, the treadmill running speed required to attain a fixed level of H prod (and therefore E req ) in the FHP trial was similar between the HI-FIT and LO-FIT group (P ϭ 0.486). STUDY 2. In the FRS trial, running speed was fixed at 10.5 km/h, but H prod was greater (in W, W/kg, and Wm Ϫ2 ) in the LO-ECO group because of an inferior RE. In addition, E req (P Ͻ 0.001) and relative exercise intensity (P ϭ 0.006) were significantly greater in the LO-ECO group. In the FHP trial, H prod was, by design, similar between HI-ECO and LO-ECO participants (P ϭ 0.558), as was E req (P ϭ 0.221). However, in order to maintain the same H prod , the HI-ECO group had to run at a significantly faster treadmill speed (P ϭ 0.025). The resultant relative exercise intensity was similar between the HI-ECO and LO-ECO group (P ϭ 0.921) because they were matched for V O 2max .
Core temperatures. STUDY 1. In the REL trial, there was a distinct interaction between V O 2max group and exercise time for both T re (P ϭ 0.049) and T es (P ϭ 0.006), and after 60 min of exercise a greater change in T re (HI-FIT: 1.23 Ϯ 0.37°C; LO-FIT: 0.90 Ϯ 0.30°C; P ϭ 0.047) and T es (HI-FIT: 1.14 Ϯ 0.32°C; LO-FIT: 0.73 Ϯ 0.34°C; P ϭ 0.029) in the HI-FIT group was observed (Fig. 1) . In the FHP trial, no interaction between V O 2max group and exercise time was observed for T re (P ϭ 0.812) or T es (P ϭ 0.843). After 60 min of exercise, almost identical changes in T es (HI-FIT: 0.63 Ϯ 0.20°C; LO-FIT: 0.63 Ϯ 0.32°C; P ϭ 0.986) and T re (HI-FIT: 0.86 Ϯ 0.26°C; LO-FIT: 0.92 Ϯ 0.32°C; P ϭ 0.703) were observed between V O 2max groups. STUDY 2. In the FRS trial, an interaction between RE group and exercise time was observed for both T re (P Ͻ 0.001) and T es (P ϭ 0.005), and the LO-ECO group demonstrated greater changes in T re (HI-ECO: 1.03 Ϯ 0.33°C; LO-ECO: 1.51 Ϯ 0.29°C; P ϭ 0.007) and T es (HI-ECO: 0.78 Ϯ 0.28°C; LO-ECO: 1.16 Ϯ 0.31°C; P ϭ 0.017) after 60 min of exercise (Fig.  2) . In the FHP trial, no interaction between RE group and exercise time was observed for T re (P ϭ 0.926) or T es (P ϭ 0.966). Whole body sweating. STUDY 1. In the REL trial, WBSR was greater in the HI-FIT group (P ϭ 0.003), and an interaction between V O 2max group and exercise time was also observed Table 2 ). Asterisk (*) indicates a significant difference (P Ͻ 0.05) between HI-FIT and LO-FIT groups and HI-ECO and LO-ECO groups.
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(P ϭ 0.009) (Fig. 3) . After 60 min of exercise, WBSR was greater in the HI-FIT group (P ϭ 0.001) compared with the LO-FIT group (Fig. 3) . Cumulative WBSL over 60 min of exercise was also greater (P ϭ 0.003) in the HI-FIT group (858 Ϯ 130 ml) compared with the LO-FIT group (609 Ϯ 123 ml). In the FHP trial, WBSR was similar between the HI-FIT and LO-FIT group (P ϭ 0.984), and no interaction between V O 2max and exercise time (P ϭ 0.970) was observed (Fig. 3) . Similarly, the cumulative WBSL over the 60 min of exercise was almost identical (HI-FIT: 498 Ϯ 66 ml; LO-FIT: 497 Ϯ 149 ml; P ϭ 0.984). STUDY 2. In the FRS trial, WBSR was significantly greater in the LO-ECO group (P ϭ 0.015); furthermore, no interaction between RE group and exercise time was observed (P ϭ 0.525) (Fig. 4) . Additionally, cumulative WBSL over the 60-min bout of exercise was greater (P ϭ 0.015) in the LO-ECO group (835 Ϯ 73 ml) relative to the HI-ECO group (667 Ϯ 139 ml). In the FHP trial, WBSR was similar between HI-ECO and LO-ECO groups (P ϭ 0.710), and there was no interaction between RE group and exercise time (P ϭ 0.178) (Fig. 4) . Similarly, the cumulative WBSL throughout the 60-min trial was similar between RE groups (HI-ECO: 501 Ϯ 88 ml; LO-ECO: 483 Ϯ 88 ml; P ϭ 0.710).
Sweating onset thresholds and thermosensitivity. The sweating onset threshold and thermosensitivity data for study 1 and study 2 are displayed in Table 3 . It should be noted that some technical difficulties primarily associated with securing the ventilated sweat capsule during running were encountered. Therefore, sweating onset thresholds and thermosensitivities were only obtained for 10 and 12 participants in the REL and FHP trials, respectively, in study 1 and 10 participants in both the FRS and FHP trials in study 2. STUDY 1. The change in esophageal temperature at the onset of sweating was similar between HI-FIT and LO-FIT groups in both the REL (P ϭ 0.681) and FHP (P ϭ 0.152) trials. Similarly, the sweating thermosensitivity was the same between HI-FIT and LO-FIT groups in both the REL (P ϭ 0.126) and FHP (P ϭ 0.559) trials. STUDY 2. The onset threshold for sweating was similar between HI-ECO and LO-ECO groups in both FRS (P ϭ 0.231) and FHP (P ϭ 0.774) trials. Also, sweating thermosensitivity was similar between HI-ECO and LO-ECO groups in both the FRS (P ϭ 0.841) and FHP (P ϭ 0.616) trials.
DISCUSSION
To date, no study has truly evaluated the influence of aerobic fitness (V O 2max ) and running economy (RE) on thermoregulatory responses during treadmill running in a physiologically compensable environment, independently of the potentially confounding factors of body mass, BSA, and body fat. Collectively, the present data demonstrate that during running, large differences in V O 2max do not independently influence changes in core temperature or sweating. Rather, differences in these thermoregulatory responses occur due to alterations in metabolic heat production (H prod ) and the associated evaporative requirement for heat balance (E req ), arising from 1) differences in absolute exercise intensity when running at a fixed %V O 2max (REL trial, study 1) and 2) differences in RE when exercising at a fixed running speed (FRS trial, study 2). On the other hand, when exercise was performed at a fixed H prod (and therefore fixed E req ), similar sweating responses and changes in core temperature were observed despite a large difference in %V O 2max between HI-FIT and LO-FIT groups (FHP trial, study 1) , and significant differences in running speed between HI-ECO and LO-ECO groups (FHP trial, study 2). Together these data clearly demonstrate that the optimal method for performing unbiased comparisons of thermoregulatory responses during treadmill running between groups or individuals of the 
Table 3. Change in esophageal temperature (⌬T es ) at the onset of sweating and subsequent thermosensitivity for high (HI-FIT) and low (LO-FIT) V O 2max groups and high (HI-ECO) and low (LO-ECO) running economy groups for exercise in the REL trial and FHP trial (HI-FIT vs. LO-FIT) and FRS trial and FHP trial (HI-ECO vs. LO-ECO)
Group ⌬Tes,°C same physical characteristics is to prescribe exercise that elicits the same H prod (and therefore E req ) irrespective of %V O 2max and running speed.
Thermosensitivity, mg·min
The findings of the present study associated with the influence of V O 2max on thermoregulatory responses are in line with previous research from our group reporting nearly identical changes in core temperature between aerobically fit (V O 2max : ϳ60 ml·kg Ϫ1 ·min Ϫ1 ) and unfit (V O 2max : ϳ40 ml·kg Ϫ1 ·min Ϫ1 ) participants matched for body mass and BSA during semirecumbent cycling at a fixed H prod of ϳ540 W (29) . We also showed that during cycling at 60% V O 2 peak fitter individuals demonstrate much greater changes in core temperature and sweating, precipitated by a greater H prod (29) . However, the present study shows for the first time that these previous findings are not restricted to one mode of exercise and that no independent influence of V O 2max on thermoregulatory responses exists, even during weight-bearing exercise that recruits a much greater proportion of active musculature. While the principles of heat balance remain the same irrespective of exercise modality, the present study illustrates that the method that must be used to elicit a fixed H prod and E req are different. During cycling, the same external workload can be used between mass-matched groups to elicit the same H prod and E req because of the fact that gross mechanical efficiency during cycling, particularly on standard laboratory ergometers, varies between individuals by a relatively small amount. For example, our previous study employing semirecumbent cycling (29) reported a maximum and minimum gross mechanical efficiently value of 18.2 and 13.5% respectively across all participants at a fixed metabolic heat production of ϳ540 W. However, even in trained runners with the same V O 2max and physical characteristics, large differences (e.g., ϳ30%) in RE (which can be altered by both biomechanical and physiological factors) commonly occur (14, 37, 38) . At a fixed running speed of 10.5 km/h (FRS condition) in the present study, differences in RE were sufficient to alter V O 2 , and thus H prod and E req , to an extent that significantly different elevations in core temperature (Fig. 2) and sweating (Fig. 4) were observed. Similarly, a different running speed (Table 2 ) was required to elicit the same H prod and E req (and therefore thermoregulatory responses) between the HI-ECO and LO-ECO group. While there is a tendency for more skilled runners to be more economic, both high and low economy runners are present in all skill groups (37) . Therefore, the present observations suggest that a fixed running speed should not be used to perform between-group thermoregulatory comparisons during treadmill running, regardless of skill level. Rather V O 2 should be measured, and a fixed H prod and E req should be employed between groups similar in mass and BSA, irrespective of running speed.
From a practical perspective, matching independent groups for mass and BSA is difficult and in some cases impossible [e.g., children vs. adults (39) ]. Because of the morphological matching in the present study, the fixed absolute H prod (in W) in the FHP trials simultaneously elicited the same H prod per unit mass (W/kg) and E req in W and per unit BSA (Wm Ϫ2 ). Another recent study from our laboratory reported that for groups with different body sizes, changes in core temperature are determined by H prod in W/kg, whole body sweat losses are determined by E req in W, and local sweat rates are determined by E req in Wm Ϫ2 (12) . Therefore, an appropriate experimental approach in future treadmill studies examining thermoregulatory differences between groups unmatched for body size would be to adjust treadmill speed to elicit a fixed heat production relative to the physical characteristic most relevant for the primary dependent variable of interest (10) .
In opposition to the present findings, Gant et al. (25) ), and, most importantly, any potential between-group differences in RE were not considered (25) . Furthermore, the authors compared thermoregulatory responses using an "absolute exercise intensity" of a fixed running speed and reported greater changes in core temperature and greater sweat rates in their moderately fit group, suggesting this was an independent influence of a lower V O 2max . Yet, since RE tends to be lower in less trained individuals (37), a higher H prod likely occurred in the lower V O 2max group at a fixed running speed, leading to a greater change in core temperature and a greater sweat rate arising from a greater E req (23) , not due to a lower fitness per se, but because they were poorer runners. The results of the present study demonstrate that when a true absolute exercise intensity (i.e., a fixed H prod ) is administered, there are no fitness-related differences in sweating or changes in core temperature. Moreover, the fixed running speed which was selected to match the condition previously used by Gant et al. (25) (10.5 km/h), yielded significantly greater changes in core temperature and sweating in the LO-ECO runners, even though the groups were matched for V O 2max. Collectively, these observations suggest that the previously reported differences in thermoregulatory responses ascribed to differences in fitness (25) were actually due to differences in H prod and E req , secondary to differences in RE.
In both study 1 and study 2, no differences in the change in esophageal temperature before the onset of sweating or the thermosensitivity of sweating were found in any trials. Previous research has reported lower onset thresholds for sweating in fit individuals (11, 40) , while other studies have reported a greater sweating thermosensitivity due to a heat-related adaptation of peripheral structures (sweat glands) following athletic training (1, 2, 26, 40) . As such, it may be expected that the onset thresholds would be lower and/or the thermosensitivity values would be greater in the HI-FIT compared with LO-FIT group. Sweating onset and thermosensitivity data were only available for five pairs of participants for the HI/LO-FIT comparisons in both the FHP and REL trials; therefore, this diminished sample size could have contributed to the lack of difference between groups. Nonetheless, any (nonsignificant) differences suggested lower onsets and greater thermosensitivities in the LO-FIT group, which are opposite to fitnessand/or training-related effects on these variables proposed in the literature. Moreover, the present observations agree with an earlier study in cyclists reporting no difference in sweating onset or thermosensitivity between aerobically fit and unfit groups (29) .
Perspectives. In addition to the practical benefits for experimental design, the findings of this study also demonstrate why fitter and less economical runners may be at a greater risk of developing heat-related illnesses. By definition, a less economic runner will consume more oxygen at a given running speed, which will lead to a greater H prod and possibly a greater increase in core temperature. Indeed, a low RE has been previously suggested as a likely contributor to heat intolerance (18) . Additionally, a greater aerobic fitness is logically a strong predictor of running speed during a race (32, 38) , and running faster will inherently result in a greater H prod per unit body mass (W/kg) and thus greater changes in core temperature and subsequently greater sweat rates due to a greater E req (12, 23) . Indeed, past studies have demonstrated higher postmarathon core temperatures in runners with faster finishing times (34, 42) .
Nonetheless, recent research indicates fitter individuals may be afforded a greater thermal tolerance at a given core temperature relative to unfit individuals via a greater expression of heat shock proteins (31) . Moreover, maximal sweat rate, skin wettedness, and evaporation may be altered by a partial acclimation associated with a regular training regimen that leads to a greater aerobic fitness (6, 7, 26, 44) . In which case, as the boundaries of thermoregulatory compensability are reached, a separation in core temperature would be expected between the aerobically fit and unfit groups (i.e., core temperature continues to rise in the aerobically unfit group because of a lower maximum rate of heat dissipation). Future research is needed, however, to quantify the influence of aerobic fitness on maximum skin wettedness since this is not yet known. Furthermore, future research investigating the effect of running economy in females is needed as the combination of a lower running economy at a given speed (13a) and a lower maximum evaporative rate compared with men at high rates of heat production (24) could prove particularly problematic for females. Finally, the assessment of thermoregulatory responses of individuals with a very low aerobic fitness (Ͻ30 ml O 2 ·kg Ϫ1 ·min Ϫ1 ) should also be conducted in order to extend the relevance of this work to sedentary clinical populations.
Conclusion. When aerobically fit and unfit groups were matched for body morphology and ran on a treadmill at a fixed %V O 2max , the fitter group demonstrated greater changes in core temperature and greater whole body sweat rates due to a greater H prod and E req , respectively. However, when these two groups ran on a treadmill at an intensity that elicited the same H prod and E req , these differences in thermoregulatory responses were abolished, demonstrating that aerobic fitness exerts no independent influence on the change in core temperature or sweating during running in a physiologically compensable environment. Similarly, when high and low running economy groups were matched for morphological characteristics and ran on a treadmill at a fixed running speed, the less economic runners demonstrated greater changes in core temperature, and greater whole body sweat rates precipitated by a greater H prod and E req , respectively. However, when running speeds were modified to elicit the same H prod and subsequent E req in both groups, the ensuing thermoregulatory responses were the same. Therefore, in keeping with our previous research performed on cyclists, researchers conducting between-group thermoregulatory comparisons during treadmill running should employ exercise intensities that elicit similar H prod and E req between groups irrespective of %V O 2max or running speed.
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